Introduction
As the needs for both information throughput and user densities are constantly increasing, signifi cant efforts have to be devoted toward the design of innovative, robust, and cost-effective transmission systems able to rapidly transport information between users. So far the C -band (1530-1565 nm) has been the standard wavelength in telecommunication applications owing to its very favorable attenuation (0.2 dB km − 1 ) in optical fi bers. [ 1 ] Trivalent rare-earth ions, such as erbium, which is able to emit at 1550 nm (4f-4f transitions), are elements of major importance in optical telecommunication technologies. [ 2 ] In particular, Er 3 + doped silica-based fi ber amplifi ers (EDFA) and Er 3 + doped silica-based waveguide amplifi ers (EDWA) compensating for the dispersion of the working optical signal centered around 1550 nm have emerged as key devices for telecommunication applications due to their high (photo)chemical and thermal stability. [ 3 ] However, further extension of the scope of such materials is now limited by the high cost of their multiplestep preparation and their very small absorption cross-sections, leading to ineffi cient emission from the rare earth 4f levels under direct excitation. One strategy to overcome the limitation of this class of materials is the design of organic/inorganic polymer-based devices. In this frame, Slooff et al. [ 4 ] and Kuriki et al. [ 5 ] pointed out that, beside improving production cost, fabrication processing, and generating polymers which possess high mechanical and thermal stability, special attention should be drawn to improving the fl uorescence of lanthanide ions. Two approaches can be developed to meet these needs: the fi rst one consists of the coordination of highly absorbing organic antenna groups around the rare earth trivalent cation to increase the pump effi ciency, while the second involves using a SiO 2 matrix as host for rare-earth ions. This last strategy can be achieved by introducing Er 3 + -doped silica colloidal spheres in organic polymers. A severe limitation to the fi rst approach is that organic antennas are highly sensitive to premature aging under irradiation, whereas the second approach is negatively impacted by the fact that an effi cient rare-earth cross-section absorption in the colloid cannot be obtained without sensitizers.
We propose in this manuscript an alternative and innovative approach to obtain an easily processable material containing Er 3 + and having luminescence which is sensitized by phosphorescent octahedral metal atom clusters incorporated in a host organic matrix.
Metal atom clusters are inorganic molecular species obtained via solid-state chemistry routes containing metal atoms linked together by metal-metal bonds. Many routes [ 6 ] now afford soluble discrete [ M 6 Q i 8 X a 6 ] 2 − units ( X = halogen) that exhibit, either in the liquid or solid state, specifi c electronic, magnetic, and photophysical properties related to the number of metallic electrons available for metal-metal bonds. [ 7 ] In particular, they are highly emissive in the rednear infrared (NIR) region, have photoluminescence quantum yields of up to 0.23, and display long excited-state lifetimes. [ 8 ] Owing to the stronger covalent nature of the M -Q i bond relative to the M -X a one, halogen apical atoms can be replaced by inorganic or organic ligands without any alteration of the ( M 6 Q i 8 ) m + core, leading to functional building blocks usable for the design of liquid crystalline material, [ 9 ] supramolecular architectures, [ 10 ] polymeric frameworks, [ 11 ] or nanomaterials [ 12 ] with unique properties. In order to obtain M 6 clusters containing material suitable for realistic applications, we incorporated them in a poly(methyl methacrylate) (PMMA) matrix The hybrid materials thermal behavior was examined by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) under N 2 atmosphere. Size exclusion chromatography (SEC) was also used to further characterize the doped polymers (see the Supporting Information, Figures S1-3). Table 1 summarizes the thermal data and molecular weight calculations obtained by these techniques for all samples. While the obtained pure PMMA has a glass transition temperature ( T g ) comparable to that of commercial PMMA, the introduction of small amounts of clusters drops it dramatically. This phenomenon is attributed to a plasticizing effect induced by an increase in the distance between the polymer chains. [ 15 ] By increasing the cluster amount within the copolymer, the T g and M w increase, showing that the clusters are covalently linked to the polymer strands and act as cross-linking agents. Moreover, if pure PMMA and pellets from A1 to A3 were completely soluble in tetrahydrofuran (THF), pellet A4 could not be entirely dissolved while pellet A5 was not soluble and started and investigated the optical properties of the resulting hybrid material. PMMA was chosen for its excellent optical properties (i.e., transparency from the near-UV to the near-IR regions), damage resistance in the range needed for optical applications, good mechanical properties, thermal stability, and easy shaping. A major challenge in the preparation of such hybrid materials is the prevention of phase separation and aggregation of the inorganic species in the host matrix. A few examples are found in the literature where polymers showing stable luminescence properties are obtained by incorporation of octahedral clusters. Shriver et al. [ 13 ] [ 11b ] who showed that the PVP-Mo 6 Cl 12 system could be employed for oxygen sensing or photo-oxidation applications. Here, we develop a simple technique for the synthesis of transparent PMMA-Mo 6 hybrids with stable luminescence properties, and their analogues containing Er 3 + complexes. We demonstrate for the fi rst time an effective transfer between transition metal clusters and Er 3 + complexes within the polymer that will allow the development of new families of optical amplifi ers using lowcost excitation sources.
Results and Discussion
The choice of Mo 6 clusters was driven by their superior luminescence properties, in terms of quantum yield, as compared to their Re 6 analogues. [ 8b , 14 ] The synthetic approach is based on our recent studies developed for the design of clustomesogen [ 9a , 9b ] and on the solvent as monomer approach described by Golden et al. [ 11a ] It consists of the preparation of a mother liquor containing a [ n -Bu 4 N] 2 [Mo 6 Br 8 F 6 ] cluster precursor and methacrylic acid, aliquots of which are mixed with methylmethacrylate (MMA) and subsequently copolymerized by a radical process using AIBN (0.02 wt%) as initiator. Several samples containing from 0 to 0.36 wt% of cluster (Ref 1 , A1-5) were synthesized by this bulk polymerization process. The full dissolution of [ n -Bu 4 N] 2 [Mo 6 Br 8 F 6 ] in methacrylic acid is obtained by a gentle heating of the mixture, giving a highconcentration cluster mother solution ( c = 0.015 M ). 19 F NMR in d 6 -acetone of this solution revealed the complete disappearance of the signal assigned to the starting cluster located around − 188 ppm. Thus, heating the cluster mother solution induces an acid-base reaction between methacrylic acid molecules and the fl uorinated clusters, leading to grafting in the apical position and, via covalent Mo-O bond formation, six methacrylate moieties with liberation of HF. [ 9a , 9b ] As shown in Figure 1 , the resulting hybrid polymers are fully optically transparent materials, indicating the absence of macroscopic segregation of the inorganic moieties in the organic matrices. Note that this segregation was observed when [ n -Bu 4 N] 2 [Mo 6 Br 14 ] was used instead of [ n -Bu 4 N] 2 [Mo 6 Br 8 F 6 ], meaning that strong interactions (in our case a covalent linking) between clusters and the organic matrix are mandatory to prevent phase separation. interactions exist between the Er 3 + complexes and the organic matrix whereas clusters are covalently bonded to PMMA. Therefore Er 3 + -containing polymers keep the processability of PMMA.
Optical properties were measured in this case on 1.90 ± 0.03 mm thick pellets ( Figure 2 shows pellets P 1.3 , P 0.5C , and P 1.3C under normal and UV light). At fi rst sight, one can notice a difference in the red luminescence upon UV excitation of P 0.5C and P 1.3C pellets, illustrating the infl uence of Er 3 + content on the visible emission properties of Mo 6 clusters. Figure 3 presents absorption spectra of pure PMMA, Er 3 + containing, and, Er 3 + and Mo 6 cluster-containing samples. If these pellets have similar absorption behaviours in the IR and NIR area, they keep the particularities of their individual components in the UV-vis region. Emission measurements were realized at room temperature using an Argon Laser as the excitation source with a 476.5 nm irradiation wavelength. Thought this wavelength is not the optimum one to observe an intense cluster luminescence. It was chosen because it overlaps only very weakly with Er 3 + absorption bands.
As depicted in Figure 4 a, irradiation of P x pellets induces a very weak and broad emission with a maximum centered around 1530 nm characteristic of the 4 I 13/2 → 4 I 15/2 Er 3 + transition. This emission could either be due to a weak absorption of the excitation wavelength by the 4 I 15/2 → 4 F 7/2 transition located to swell in this solvent, confi rming the clusters cross-linking ability as well as the chemical stability of the cluster-polymer bonds in solution.
The infl uence of the cluster concentration on the Mo 6 -PMMA copolymer thermal stability was studied by comparing the degradation temperatures of all samples under N 2 atmosphere (see the Supporting Information for TGA and differential thermal analysis (DTA) thermograms). A small weight loss ( < 2.5%) starting around 80 ° C due to the evaporation of unreacted monomers was observed for all samples, meaning that the polymerization process is not complete under our conditions. This point is corroborated by the detection of traces of monomers during the SEC experiments (see the Supporting Information). The main reaction stage corresponding to the maximum weight loss is located at 377 ° C for pure PMMA. This maximum is shifted to higher temperature for higher cluster content, showing that the thermal stability of hybrid copolymers is signifi cantly improved as compared to pure PMMA and evidencing once again the cross-linking ability of the modifi ed cluster as well as its stability within the polymer matrix.
Optical properties determinations were investigated directly on the 5 mm thick copolymer pellets. Transmittance measurements (see the Supporting Information) showed the typical cut off of PMMA in the UV region under 300 nm, while the doped polymer pellets transmittance spectra revealed a shoulder around 400 nm increasing with the cluster amount present in the pellets (Supporting Information, Figure S4a ). Luminescence measurements were realized in the solid state directly on the doped polymer pellets and revealed the apparition of a broad and structure-less emission band extending from 560 to more than 900 nm and centered around λ em = 710 nm (Supporting Information, Figure S4b ). For all pellets, the emission maximum is slightly shifted to lower wavelength ( Δ λ = 35 nm) when compared to the [ n -Bu 4 N] 2 [Mo 6 Br 8 F 6 ] emission spectrum, as observed in a previous case when carboxylate derivatives were grafted on the six apical positions of the inorganic core. [ 9a ] A luminescence absolute quantum yield of 0.15 at λ exc = 360 nm was calculated by using a Hamamatsu Quantaurus-QY system, which is nearly double the previous reported value for M 6 clusters embedded in a PMMA matrix. [ 11d ] At this stage we must emphasize that these properties are kept after 72 months of aging, attesting to the outstanding stability of the copolymer that is a prerequisite for the design of functional devices, and validating our approach.
Taking into consideration that stability and processability of the hybrid copolymers are prerequisites for the design of optical amplifi ers, we synthesized Er 3 + -Mo 6 -PMMA materials containing various amount of Er 3 + complexes (0.5, 0.90, or 1.3 wt%) with (P x C ) or without (P x ) 0.25 wt% of clusters. Several samples were thus prepared, using the same bulk copolymerization process as previously described but adding aliquots of a concentrated dichloromethane solution of Er(TMHD) 3 complex (TMHD for 2,2,6,6-tetramethyl-3,5-heptanedione) in the monomer mixtures prior to copolymerization. A pellet of pure PMMA (Ref 2 ) was also synthesized for comparison purposes. Compositions of prepared samples are summarized in Table 2 .
TGA measurements (see the Supporting Information) showed that the integration of Er complexes has little infl uence on the copolymer samples' thermal stability. Indeed, only weak around 483 nm or by an energy transfer from the organic matrix to the Er 3 + ion. [ 16 ] The broadening of the emission is associated to the coupling of f-f electronic transition of erbium with vibrational modes of the PMMA matrix. One can notice that if the observed emission intensities seem proportional to the Er 3 + content in P 0.5 and P 0.9 , P 1.3 emits approximately the same amount of photons as P 0.9 . As our Er 3 + working concentration is low compared to previous reported results, we attribute this phenomenon to a self aggregation process of Er 3 + complexes within the host matrix instead of some quenching phenomena induced by cooperative up-conversion and resonant energy transfer which should occur for higher concentrations. [ 17 ] It confi rms the existence of an optimum concentration of Er 3 + complexes within the polymer matrix that was not determined in the scope of these investigations. Figures 4 c,d represent the emission spectra of P x C pellets either in the visible (4c) or IR (4d) area. Increasing the Er 3 + complex concentration induces a decrease of the cluster emission together with a large increase of Er 3 + complex in the IR region, showing the existence of an effective transfer between the two species. This phenomenon is best seen on Figure 4 b, where the IR Er 3 + complex emissions without (P 1.3 ) or with (P 1.3C ) cluster are superimposed. Indeed the emission in the IR is enhanced because of cluster Er 3 + sensitization. This sensitization allows an emission improvement by a factor 4 to 6 depending on the samples (inset Figure 4 b ). Even though this improvement is still weak for application purposes, it demonstrates for the fi rst time the possibility to sensitize IR emission of trivalent rareearth metal complexes with transition metal clusters within a transparent and easily processable organic matrix.
Conclusions
We have described in this manuscript a simple method to obtain Mo 6 -PMMA copolymer samples within which Mo 6 clusters keep their intrinsic luminescence properties. These emissive properties have been used successfully to sensitize trivalent Er 3 + complex emission in the infrared region and within the polymer matrix. Indeed, introduction of 0.25 wt% of metallic 
